In this study we investigated the effects of competing trace metals and Ca2+ on Cd(lI), Pb(ll), and Cu(ll) complexation by humic acid extracted from groundwater in Orange County, California. Two types of titration experiments were conducted, those using a single metal and those in which the humic acid had been preequilibrated with a competing metal (either a trace metal or Ca2+). The labile metal concentration in the titration was determined by differential pulse polarography (DPP). Results show the different effects of competing trace metal ions and the effect of Ca2 . Both trace metals and Ca + do not compete effectively with Cd(ll) complexation. While no effects of Cu(ll) on Pb(ll) complexation were observed, the presence of Cd(ll) appeared to slightly enhance the binding between Pb(ll) and humic acid. The addition of Pb(ll) decreased the amount of Cu(ll) complexation, but Cd(ll) caused a slight increase at the lower concentrations. Calcium, however, decreased the amount of complexation for all three metals. Results indicate that the metals are not necessarily competing for the same sites. Conformational changes that occur when trace metals bind to the different sites may cause this competing or enchanced effect. Since Ca(ll) is introduced at two orders of magnitude higher in concentration than the trace metals, it can outcompete the trace metal for sites where electrostatic interactions dominate. The results indicate that in groundwater situations, where more than one metal is present, the effect of other metals must be considered in predicting metal speciation. -Environ Health Perspect 103(Suppl 1): 29-32 (1995) 
Introduction
Relative toxicities of dissolved trace metals to plants and animals depend on the free metal concentrations. The presence of ligands in natural water systems controls free metal speciation. One such category of ligands is humic substances, which arise from the chemical and biological degradation of plant and animal residues. Metal complexation by humic substances can play an important role in regulating the toxicity, bioavailability, and transport properties of trace metals in aquatic systems.
The current study investigated the complexation of Cd(II), Pb(II), and Cu(II) by humic acid extracted from Orange County groundwater as a function of pH, competing trace metal, and competing Ca2+ concentrations. Cd(II), Pb(II), and Cu(II) were chosen based on toxicity considerations and their individual characteristics. In accordance with hard and soft acid concepts (1) , Cd(II) is a soft acid, while Pb(II) and Cu(II) are on the borderline between soft and hard acids. That is, in a multiligand complexation system, Cd(II) shows its attachment preference for P and S ligand atoms, but Pb(II) and Cu(II) show their relative attachment preferences for 0 and N ligand atoms. Ca + was also added to our system; it is considered a hard acid, forming mainly outer-sphere complexes (1) .
Humic acid was used as a model ligand in our study. A typical humic acid molecule contains aromatic rings and aliphatic chains that host numerous carboxylic, phenolic, hydroxyl, and other functional groups. The O-containing groups are the most numerous; there is a small percentage of N and S binding sites as well.
Because of the large number of possible binding sites on humic acid, the model used to interpret experimental data is often based on some simplifying assumptions (2) . In this study, we use the discrete ligand model of metal-humic acid binding, assuming 1:1 metal to binding site stoichiometry: (3, 4) . The binding constant determined this way is a fitting parameter; it depends on experimental conditions.
Materials and Methods
Titrations were carried out by adding a metal solution into a buffered solution containing humic acid. A Metrohm Polarographic Analyzer E506 626 (Metrohm Ltd.) was used to determine the concentration of labile metal species (assumed to be free metal ion and metal hydroxide) in the titration. Labile metal concentration was measured at a dropping mercury electrode, together with a reference electrode (Ag/AgCl) and a counter electrode (Pt). The DP 10 mode was selected, with scan rate set at 5 mV/sec, mercury drop rate set at 0.5 drop/sec, damp scale set at 1, and mercury reservoir set 40 cm high. The water-jacketed analytical cell was thermostated by Isotemp Refrigerated Circulator Model 9100 (Fisher Scientific) at 25°C. To remove dissolved 02, N2 gas was used to purge the analytical cell for 5 min before measurements.
Titrations were carried out at pH 6, 7, and 8. MES monohydrate (4- (8, 9) . This is because both Pb(II) and Cu(II) are on the borderline between hard and soft acids, and they have similar strong L preferences for ligand atoms such as 0 and N. For example, they have similar binding -|--------~constants for a variety of carboxylic acids 15 20 (10). Cd(II), however, prefers soft ligands such as S. As our humic substances have only 1.8% S versus 36% 0 plus N, it is not surce metal corn-prising that we observe less Cd(II) binding. values for (A)
According to Cabaniss and Shuman (3), hre obtained by changing pH affects metal-ligand binding due to a) competition between H' and Me for binding sites; b) competition between humic acid and inorganic ligands (OH-) .o effect on for the metals; and c) potential formation presence of of mixed ligand species such as hydrolyzed ce the bind-metal-ligand complexes. Electrostatic and .cid. Of the conformational effects at different pH values 1, only the may also be important. Examining the -reases the change in binding strength for all the metals by humic between pH 7 and 8 suggests that that a) ther metals phenol-containing sites become important nds. While with increasing pH, or b) the concomitant h Cu(II) as change in conformation increases the elec_u(II) from trostatic interaction between humic acid )ading level. and metals. The relative decrease in Cu(II) also appears binding strength at pH 8 is due to the OHCu(II) and competing with humic acid for Cu(II). ding range.
Previous studies (11) (Table 2 ) and they follow the displacement trends of the titration curves.
Results obtained in this study indicate that trace metals do not necessarily compete for the same sites on the humic acid, since they have different affinities for (6) (7) (8) (9) (10) , the presence of Ca2+ may prevent the trace metal from binding to humic acid and therefore reduce the importance of metal-humate complexes in natural water systems; and b) when more than one metal is present, the effect of other metals must be considered in predicting metal speculation.
